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a b s t r a c t
The equitable total chromatic number of a graph G is the smallest integer k for which G
has a k-total coloring such that the number of vertices and edges colored with each color
differs by at most one. In this paper, we show that the Cartesian product graphs of Cm and
Cn have equitable total 5-coloring for allm ≥ 3 and n ≥ 3.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction
We consider only finite undirected graphs without loops or multiple edges. Let G = (V (G), E(G)) be a graph with vertex
set V and edge set E. A k-total coloring of a graph G is a coloring of the vertices and edges of G with k colors so that no two
adjacent or incident elements have the same color. The total chromatic number χ ′′(G) of G is the smallest k such that G has
a k-total coloring. A total coloring is equitable if the number of vertices and edges colored with each color differs by at most
one. The smallest k for which G has such a coloring is named equitable total chromatic number and denoted by χ ′′=(G).
There is a long -standing Total Coloring Conjecture (TCC) formulated by Behzad [2] and Vizing [14] independently, which
says that ∆(G) + 1 6 χ ′′(G) 6 ∆(G) + 2 for a simple graph G. Sánchez-Arroyo [13] has shown that deciding χ ′′(G) is
NP-complete. McDiarmid and Sánchez-Arroyo [10] have shown that determining the total chromatic number of k-regular
bipartite graphs is NP-hard for each fixed k ≥ 3 too. TCC has been verified for several classes of graphs in recent years
[3,6,9,15,17,21,22]. Kostochka [8] proved that the total coloring of anymultigraphwithmaximal degree 4 is 6-total colorable.
Fu [5] first investigated the equitable total coloring. He raised Conjecture 1.1 and proved it for a few special cases such
as trees, complete graphs, complete bipartite graphs, complete split graphs, and graphs G with∆(G) ≥ |V (G)| − 2.
Conjecture 1.1. For any graph G, G has an equitable total k-coloring for each k ≥ max(χ ′′(G),∆(G)+ 2).
Wang [16] put forward Conjecture 1.2 and proved it for all multigraphs Gwith∆(G) ≤ 3.
Conjecture 1.2. For any graph G, χ ′′=(G) ≤ ∆(G)+ 2.
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Fig. 1.1. C5C5 .
Zhang [19] obtained the equitable total chromatic number of some join graphs.
The Cartesian product GH of two graphs G and H is the graph with vertex set V (G) × V (H), in which the vertex (a, b)
is adjacent to the vertex (c, d)whenever a = c and b is adjacent to d, or b = d and a is adjacent to c.
Let Cm and Cn be cycles of lengthm and n respectively, the Cartesian product CmCn is a 4-regular graph withmn vertices
vi,j, 0 ≤ i ≤ n− 1 and 0 ≤ j ≤ m− 1, where indices i and j are read modulo n andm respectively.
Fig. 1.1 shows C5C5.
A lot of work has been done on the total chromatic number of Cartesian product graphs [7,11,12,18,21]. Seoud et al. [12]
proved thatχ ′′(CmCn) = ∆+1 form ≥ 3 and n being an even number or amultiple of 3. Kemnitz andMarangio [7] further
proved that χ ′′(CmCn) = ∆ + 1 holds for m ≥ 3 and n being a multiple of 5 too. Baril et al. [1] proved that any Cartesian
product of cycles has an adjacent vertex distinguishing chromatic index equal to ∆ + 1, i.e. that the graph is type 1 by the
observation made in [4] and also in [20]. In this paper, we will show that χ ′′=(CmCn) = ∆+ 1 = 5 for allm ≥ 3 and n ≥ 3.
2. Equitable total 5-coloring of CmCn
Now, we consider the coloring of CmCn. We have
Theorem 2.1. CmCn has equitable total 5-coloring for all m ≥ 3 and n ≥ 3.
Proof. By symmetry, we need only consider the cases form mod 5 ≤ n mod 5. Let
V = {vi,j : 0 ≤ i ≤ n− 1, 0 ≤ j ≤ m− 1},
Em = {vi,jvi,j+1 : 0 ≤ i ≤ n− 1, 0 ≤ j ≤ m− 1},
En = {vi,jvi+1,j : 0 ≤ i ≤ n− 1, 0 ≤ j ≤ m− 1},
where indices i and j are read modulo n andm respectively. Let
β1 = 12345, β2 = 23451, β3 = 34512, β4 = 45123, β5 = 51234.
Let σ be a coloring of CmCn as follows:
Case 1.m ≡ 0 mod 5.
Sv1 = β
m
5
1 β
m
5
3 β
m
5
5 β
m
5
2 β
m
5
4 ,
Sem1 = β
m
5
3 β
m
5
1 β
m
5
4 β
m
5
5 β
m
5
2 ,
Sen1 = β
m
5
4 β
m
5
2 β
m
5
1 β
m
5
3 β
m
5
5 .
Case 1.1. n ≡ 0 mod 5 (see Fig. 2.1(3)).
σ(V ) = (Sv1) n5 ,
σ (Em) = (Sem1)
n
5 ,
σ (En) = (Sen1)
n
5 .
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Fig. 2.1. σ(CmCn) form, n ∈ {{3, 3}, {4, 4}, {5, 5}, {6, 6}, {7, 7}}.
Case 1.2. n ≡ 1 mod 5.
σ(V ) = (Sv1) n−65 β
m
5
1 β
m
5
3 β
m
5
5 β
m
5
2 β
m
5
5 β
m
5
3 ,
σ (Em) = (Sem1)
n−6
5 β
m
5
3 β
m
5
1 β
m
5
4 β
m
5
5 β
2m
5
2 ,
σ (En) = (Sen1)
n−6
5 β
m
5
4 β
m
5
2 β
m
5
1 β
m
5
3 β
m
5
4 β
m
5
5 .
Case 1.3. n ≡ 2 mod 5.
σ(V ) = (Sv1) n−25 β
m
5
1 β
m
5
3 ,
σ (Em) = (Sem1)
n−2
5 β
m
5
3 β
m
5
2 ,
σ (En) = (Sen1)
n−2
5 β
m
5
4 β
m
5
5 .
Case 1.4. n ≡ 3 mod 5.
σ(V ) = (Sv1) n−35 β
m
5
1 β
m
5
2 β
m
5
4 ,
σ (Em) = (Sem1)
n−3
5 β
m
5
3 β
m
5
1 β
m
5
2 ,
σ (En) = (Sen1)
n−3
5 β
m
5
4 β
m
5
3 β
m
5
5 .
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Case 1.5. n ≡ 4 mod 5.
σ(V ) = (Sv1) n−45 β
m
5
1 β
m
5
3 β
m
5
1 β
m
5
4 ,
σ (Em) = (Sem1)
n−4
5 β
m
5
3 β
m
5
1 β
m
5
5 β
m
5
2 ,
σ (En) = (Sen1)
n−4
5 β
m
5
4 β
m
5
2 β
m
5
3 β
m
5
5 .
Case 2.m ≡ 1 mod 5.
Sv2 = β
m−6
5
1 123143β
m−6
5
3 345252β
m−6
5
5 512314β
m−6
5
2 234145β
m−6
5
4 451532,
Sem2 = β
m−6
5
3 345312β
m−6
5
1 123135β
m−6
5
4 451253β
m−6
5
5 512514β
m−6
5
2 234141,
Sen2 = β
m−6
5
4 451424β
m−6
5
2 234541β
m−6
5
1 123432β
m−6
5
3 345323β
m−6
5
5 512255.
Case 2.1. n ≡ 1 mod 5(see Fig. 2.1(4)).
σ(V ) = (Sv2) n−65 β
m−6
5
1 123143β
m−6
5
3 345252β
m−6
5
1 123415β
m−6
5
4 451532β
m−6
5
3 345145β
m−6
5
4 451421,
σ (Em) = (Sem2)
n−6
5 β
m−6
5
3 345312β
m−6
5
1 123135β
m−6
5
5 512324β
m−6
5
1 123245β
m−6
5
5 512524β
m−6
5
3 345142,
σ (En) = (Sen2)
n−6
5 β
m−6
5
4 451424β
m−6
5
2 234541β
m−6
5
3 345153β
m−6
5
2 234411β
m−6
5
1 123333β
m−6
5
5 512255.
Case 2.2. n ≡ 2 mod 5.
σ(V ) = (Sv2) n−75 β
m−6
5
1 123143β
m−6
5
3 345252β
m−6
5
1 123414β
m−6
5
4 451321β
m−6
5
5 512532β
m−6
5
3 345145β
m−6
5
4 451321,
σ (Em) = (Sem2)
n−7
5 β
m−6
5
3 345312β
m−6
5
1 123135β
m−6
5
4 451323β
m−6
5
3 345132β
m−6
5
4 451253β
m−6
5
5 512524β
m−6
5
3 345142,
σ (En) = (Sen2)
n−7
5 β
m−6
5
4 451424β
m−6
5
2 234541β
m−6
5
5 512255β
m−6
5
1 123444β
m−6
5
2 234311β
m−6
5
1 123433β
m−6
5
5 512255.
Case 2.3. n ≡ 3 mod 5.
Case 2.3.1. n = 3.
σ(V ) = β
m−6
5
1 123143β
m−6
5
3 345252β
m−6
5
2 214314,
σ (Em) = (34234)m−65 342514(53434)m−65 524134(41343)m−65 421253,
σ (En) = (21151)m−65 211325(12225)m−65 133541(55512)m−65 555432.
Case 2.3.2. n ≥ 8.
σ(V ) = (Sv2) n−85 β
m−6
5
1 123143β
m−6
5
3 345252β
m−6
5
5 512314β
m−6
5
2 234145
×β
m−6
5
1 123432β
m−6
5
3 345154β
m−6
5
2 234231β
m−6
5
4 451512,
σ (Em) = (Sem2)
n−8
5 β
m−6
5
3 345312β
m−6
5
1 123135β
m−6
5
4 451253β
m−6
5
5 512514β
m−6
5
5 512154
×β
m−6
5
1 123235β
m−6
5
1 123545β
m−6
5
2 234341,
σ (En) = (Sen2)
n−8
5 β
m−6
5
4 451424β
m−6
5
2 234541β
m−6
5
1 123432β
m−6
5
3 345323
×β
m−6
5
2 234541β
m−6
5
4 451412β
m−1
5
3 3β
m−6
5
3 512255.
Case 2.4. n ≡ 4 mod 5.
σ(V ) = (Sv2) n−45 β
m−6
5
1 123423β
m−6
5
3 345312β
m−6
5
4 451453β
m−1
5
2 4,
σ (Em) = (Sem2)
n−4
5 β
m−6
5
3 345312β
m−6
5
2 234531β
m−6
5
3 345142β
m−6
5
4 451423,
σ (En) = (Sen2)
n−4
5 β
m−6
5
4 451144β
m−6
5
5 512225β
m−6
5
1 123331β
m−6
5
5 512255.
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Case 3.m ≡ 2 mod 5.
Sv3 = β
m−2
5
1 43β
m−7
5
3 3451351β
m−7
5
5 5123124β
m−7
5
2 2345245β
m−2
5
4 12,
Sem3 = β
m−7
5
3 3451312β
m−7
5
1 1234135β
m−2
5
4 53β
m−7
5
5 5123524β
m−7
5
2 2345241,
Sen3 = β
m−7
5
4 4512224β
m−7
5
2 2345542β
m−7
5
1 1234411β
m−7
5
3 3451133β
m−2
5
5 55.
Case 3.1. n ≡ 2 mod 5 (see Fig. 2.1(5)).
σ(V ) = (Sv3) n−75 β
m−2
5
1 43β
m−7
5
3 3451351β
m−7
5
5 5123124β
m−7
5
2 2345243β
m−2
5
5 52β
m−7
5
2 2345231β
m−2
5
4 12,
σ (Em) = (Sem3)
n−7
5 β
m−7
5
3 3451312β
m−7
5
1 1234135β
m−2
5
4 53β
m−7
5
5 5123524β
m−7
5
2 2345241β
m−2
5
1 25β
m−7
5
2 2345231,
σ (En) = (Sen3)
n−7
5 β
m−7
5
4 4512224β
m−7
5
2 2345542β
m−7
5
1 1234411β
m−7
5
3 3451135β
m−2
5
4 13β
m−7
5
3 3451144β
m−2
5
5 55.
Case 3.2. n ≡ 3 mod 5.
Case 3.2.1. n = 3.
σ(V ) = β
m−2
5
1 43β
m−7
5
3 3451351β
m−7
5
5 5125132,
σ (Em) = β
m−7
5
5 5123214β
m−7
5
1 1234245β
m−7
5
2 2343241,
σ (En) = β
m−2
5
2 32β
m−7
5
4 4512513β
m−7
5
3 3451455.
Case 3.2.2. n ≥ 8.
σ(V ) = (Sv3) n−85 β
m−2
5
1 43β
m−7
5
3 3451351β
m−7
5
5 5123124β
m−7
5
2 2345245
×β
m−7
5
4 4512512β
m−7
5
5 5123134β
m−7
5
2 2345251β
m−2
5
4 12,
σ (Em) = (Sem3)
n−8
5 β
m−7
5
3 3451312β
m−7
5
1 1234135β
m−7
5
4 4512353β
m−7
5
5
× 5123524β
m−7
5
1 1234245β
m−7
5
4 4512423β
m−2
5
5 24β
m−7
5
2 2345241,
σ (En) = (Sen3)
n−8
5 β
m−7
5
4 4512224β
m−7
5
2 2345542β
m−7
5
1 1234411β
m−7
5
3
× 3451133β
m−7
5
2 2345351β
m−2
5
1 15β
m−7
5
3 3451133β
m−2
5
5 55.
Case 3.3. n ≡ 4 mod 5.
Case 3.3.1. n = 4.
σ(V ) = β
m−7
5
1 1234124β
m−2
5
4 53β
m−7
5
5 5123512β
m−2
5
3 35,
σ (Em) = β
m−7
5
4 4125453β
m−7
5
1 1235125β
m−7
5
2 2512351β
m−7
5
2 2124541,
σ (En) = β
m−2
5
2 31β
m−7
5
3 3444444β
m−7
5
4 4335123β
m−7
5
5 5543312.
Case 3.3.2. n ≥ 9.
σ(V ) = (Sv3) n−45 β
m−7
5
1 1234124β
m−2
5
4 53β
m−2
5
5 12β
m−2
5
3 34,
σ (Em) = (Sem3)
n−4
5 β
m−2
5
4 13β
m−7
5
1 1234215β
m−7
5
2 2345251β
m−2
5
2 21,
σ (En) = (Sen3)
n−4
5 β
m−7
5
2 2345542β
m−7
5
3 3451134β
m−2
5
4 43β
m−2
5
5 55.
Case 4.m ≡ 3 mod 5.
Sv4 = β
m−3
5
1 123β
m−3
5
3 351β
m−3
5
5 514β
m−3
5
2 245β
m−3
5
4 432,
Sem4 = β
m−3
5
3 312β
m−3
5
1 135β
m−3
5
4 453β
m−3
5
5 524β
m−3
5
2 241,
Sen4 = β
m−3
5
4 444β
m−3
5
2 222β
m−3
5
1 131β
m−3
5
3 313β
m−3
5
5 555.
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Case 4.1. n ≡ 3 mod 5 (see Fig. 2.1(1)).
σ(V ) = (Sv4) n−35 β
m−3
5
1 123β
m−3
5
2 251β
m−3
5
4 412,
σ (Em) = (Sem4)
n−3
5 β
m−3
5
3 312β
m−3
5
1 125β
m−3
5
2 241,
σ (En) = (Sen4)
n−3
5 β
m−3
5
4 444β
m−3
5
3 333β
m−3
5
5 555.
Case 4.2. n ≡ 4 mod 5.
σ(V ) = (Sv4) n−45 β
m−3
5
1 123β
m−3
5
3 351β
m−3
5
1 145β
m−3
5
4 412,
σ (Em) = (Sem4)
n−4
5 β
m−3
5
3 312β
m−3
5
1 135β
m−3
5
5 514β
m−3
5
2 241,
σ (En) = (Sen4)
n−4
5 β
m−3
5
4 444β
m−3
5
2 222β
m−3
5
3 333β
m−3
5
5 555.
Case 5.m ≡ 4 mod 5 and n ≡ 4 mod 5 (see Fig. 2.1(2)).
Sv5 = β
m−4
5
1 1234β
m−4
5
3 3452β
m−4
5
5 5131β
m−4
5
2 2423β
m−4
5
4 4515,
Sem5 = β
m−4
5
3 3152β
m−4
5
1 1235β
m−4
5
4 4523β
m−4
5
5 5314β
m−4
5
2 2341,
Sen5 = β
m−4
5
4 4541β
m−4
5
2 2314β
m−4
5
1 1245β
m−4
5
3 3152β
m−4
5
5 5423.
σ (V ) = (Sv5) n−45 β
m−4
5
1 1234β
m−4
5
3 5312β
m−4
5
1 1243β
m−4
5
3 3512,
σ (Em) = (Sem5)
n−4
5 β
m−4
5
3 3512β
m−4
5
2 2531β
m−4
5
3 5312β
m−4
5
2 2341,
σ (En) = (Sen5)
n−4
5 β
m−4
5
4 4145β
m−4
5
5 3424β
m−4
5
4 4155β
m−4
5
5 5423.
Clearly, σ is a 5-total coloring of CmCn. Nowwe take Case 5 for example to verify that σ is an equitable total 5-coloring of
CmCn. Let T (CmCn) = (T1, T2, T3, T4, T5), where Ti denotes the i-th color class of σ . Since |T1| = |T2| = |T5| = (3mn+2)/5
and |T3| = |T4| = (3mn − 3)/5, we have ‖Ti| − |Tj‖ ≤ 1 (1 ≤ i < j ≤ 5) for Case 5. Similarly, we have
‖Ti| − |Tj‖ ≤ 1 (1 ≤ i < j ≤ 5) for all other Cases. Hence, σ is an equitable total 5-coloring of CmCn. 
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